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Carbon budgeting is a cornerstone of climate change research and modeling, but it often presents obstacles for 
researchers due in part to difficulty identifying greenhouse gas sources. In an effort to expedite the process of 
discovering and quantifying methane gas emissions, a low-cost gas sensor array was designed and fabricated to 
mount on a 3DRobotics Solo quadcopter. This unmanned aerial system was flown at a private fen wetland in 
Western Whatcom County, WA during autumn 2017 in an attempt to detect and geographically map potential 
methane hotspots. Wetland survey results indicate that the sensor may not have adequate resolution to detect 
emissions on an appropriate scale for wetlands during flight, though this may be due in part to environmental 
variables such as seasonality of emissions. A novel calibration system was designed in an attempt to improve 
sensor accuracy over previous uses, but further work is required to obtain concrete results. In addition to 
improvements upon the ceramic element sensor system, recent and future developments in gas sensing 
technology have the potential to accomplish the original project goal of detecting more subtle wetland methane 
emissions in the Pacific Northwest. 
Introduction and Background 
The following undergraduate research project 
report simultaneously analyzes the experimental 
calibration of a low-cost methane gas sensor for 
environmental applications and the use of that 
sensor for an aerial survey of atmospheric 
methane. As such, information on methane 
sources, the unmanned aerial system design, and 
the calibration design is included, followed by 
results of the experiments conducted. 
Methane emissions 
Methane gas is a major concern in the climate 
science community; it acts as a greenhouse gas  
25 times more potent than CO2, and atmospheric 
concentrations are continuing to rise globally 
(Dlugokencky, 2017). Several wetland types are 
known to emit methane, but obtaining a precise 
budget of their emissions presents a challenge 
(Mitsch, et al., 2013). Randomly sampled surveys 
conducted at arctic lakes, for example, 
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underestimate emissions because they often miss 
small “hotspots” emitting the most methane 
(Walter, Zimov, Chanton, Verbyla, & Chapin III, 
2006). Advances have been made, but locating 
surface hotspots remains tedious. With the 
development of unmanned aircraft, or unmanned 
aerial system (UAS) technology, however, there 
is potential to drastically reduce the time required 
to find hotspots and quantify estimates of their 
emissions.  
 
Biochemistry of emissions 
Methane is often generated in the anoxic 
conditions of submerged sediments, but only 
when reduction chemistry is capable of reducing 
carbon rather than more preferable electron 
receptors such as nitrogen, iron, or sulfur (Mitsch 
& Gosselink, 2015). Thus, methanogenesis 
requires the absence or inaccessibility of those 
receptors. However, methane generated in the 
sediments is susceptible to oxidation in both 
aerobic and anaerobic processes prior to escape 
to the atmosphere, dependent on biota present in 
the soil and water column (ibid).  The private fen 
wetland chosen for the project was selected based 
on its hydrology and vegetation, as well as 
examination of available detritus for carbon input 
to the soil column; redox probe measurements 
could not reach far enough into the sediments to 
reach a reduced soil layer without submerging the 
electronics. As such, the sample site is not 
guaranteed to generate methane gas, but meets a 
number of important criteria. 
 
Unmanned Aerial Systems for research 
UAS have already been used in low-altitude 
atmospheric research such as aerosol 
measurement (Brady, Stokes, Bonnardel, & 
Bertram, 2016), but methane emissions have only 
recently begin to receive the same attention 
(Cossel, et al., 2017). There are multiple 
advantages to using a small UAS approach, 
including faster sampling times, precise GPS 
location referencing, and greater statistical 
confidence resulting from larger sample sizes 
obtained. Indeed, in the time required to complete 
this project, two other groups released sensor 
packages aimed at detecting methane (Cossel, et 
al., 2017; Microdrones, 2017). Their approach 
involves the use of lasers to detect the target gas 
spectroscopically, however, while our project is 
able to detect target gases by direct contact with 
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a sensor element at a lower price point. Overall, 
such advancements in UAS applications have 
great potential to improve research efficiency for 
atmospheric and environmental sciences.  
 
Sample site 
Sampling occurred at a private fen in Western 
Whatcom County WA, south of Deming. The 
fen is classified as a palustrine scrub-shrub 
wetland that is seasonally flooded and partially 
ditched or drained (United States Fish and 
Wildlife Service, 2017). This would indicate that 
hydrologic alteration has occurred on site, but 
there is sufficient moisture to support 
hydrophytes. Our initial survey on foot revealed 
that over 0.5m of standing water existed over a 
substantial part of the wetland even in July, near 
the height of the Pacific Northwest drought 
season, and may satisfy the appropriate 
biogeochemical requirements for methane 
generation in the sediments. Notable 
hydrophytic vegetation included Reed Canary 
grass (Phalaris arundinacea) which contains 
aerenchyma tissue used to vent harmful gases 
and allow aeration of submerged root tissues 
(Lavergne & Molofsky, 2004). A small water 
inlet provided nutrient transport from the 
northwest, but little-to-no outlet flow was 
observed. 
 
Unmanned Aerial System Design 
Sensor array 
The methane sensor array was composed of a 
Teensy 3.5 microprocessor, two extentable 
fiberglass booms, and two 3D-printed sensor 
domes, each containing the following: One 
Figaro TGS 2600 gas sensor, one Sensirion 
SHT35 humidity sensor, and one MPL3115A2-
ND barometric altimeter. All but the TGS 2600 
lay on one I2C bus for each dome, while the 
TGS 2600 output to analog. A Neo M8N GNSS 
unit connected directly to the microprocessor, 
providing timestamps and coordinates for all 
measurements. Its accuracy and precision are 
adequate for this project, as the drone does not 
need to be very tightly GPS-coordinated with the 
laptop base station, but its access to satellites 
from the European Galileo, Chinese Beidou, and 
Russian GLONASS networks provides accuracy 
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in down to 4 meters or fewer, even in urban 
canyon areas where dilution of precision might 
be troublesome  (UBlox, 2016). The data from 
both sensor domes were collected by the 
microprocessor and arranged into a tab-
separated text file before being written to a 
microSD card upon pausing the program. 
 
TGS 2600 gas sensors 
In order to detect gases, TGS 2600 sensors heat 
a SnO2 element, to which oxygen adsorbs at a 
predictable rate. This rate varies based on the 
element temperature and surrounding humidity, 
in addition to the concentration of target gas 
present (Figaro USA, 2005a).  This adsorption 
alters the resistance across the element, 
generating an analog output readable by the 
attached microprocessor. While methane is the 
gas to which the TGS 2600 is the least sensitive, 
the other listed air contaminants (H2, CO, iso-
butane, and ethanol) were not as likely to be 
present at the countryside sample site used for 
this project (Figaro USA, 2005b). 
Figaro does not report an error on its TGS 2600 
datasheet, but we are able to estimate error for 
each sensor based on atmospheric “clean air” 
measurements, individual sensor deviation from 
the expected atmospheric value, and observed 
drift in clean lab air conditions. Each sensor has 
to be plugged in constantly for 7 days prior to 
first use, however, and it does not arrive as a 
finished product. As such, individual sensor 
characteristics must be accounted for during 
calibration and data analysis. Long-term aging 
of the TGS 2600 has been shown to affect 
measurements in studies of multiple months, but 
have yet to be quantified on periodic use such as 
the sampling in our project (Eugster & Kling, 
2012). Experiment methods used here cater to 
flaws in the sensor by maintaining power to the 
sensor boards in between flights in the field as 
often as possible, as well as for multiple days 
prior to field campaigns. This was an attempt to 
minimize re-establishment time of a steady 
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Code design 
Code for the Teensy 3.5 microprocessor was 
written in Arduino and run from a microSD card 
onboard. Data was written to the card every 0.5 
seconds in tab-separated format, containing 
GNSS telemetry as well as the digital and analog 
outputs from the temperature, humidity, 
pressure, and gas sensors.  
 
Quadcopter 
A 3DRobotics Solo quadcopter chosen as a base 
for the methane sensor UAS. Huxley College 
and the College of Engineering and Design had 
several available, allowing for repetition in the 
case of mishaps in the field, but their primary 
asset is their versatility. An accessory port on the 
ventral side allows our sensor array to draw 
power directly from the Solo, and its removable 
batteries are swappable in minutes in the field. 
With a large supply of batteries, a field 
campaign can continue as long as necessary to 
complete the task. It is also compatible with 
autonomous flight planning, which was carried 
out through the open source Mission Planner 
software (Oborne, 2017).  
The circuit board and microprocessor were 
mounted to the ventral side of the Solo, while 
the sensor packages were enclosed in two 3D-
printed plastic shells, each on the outer end of its 
own 0.6m fiberglass boom extending to the front 
or rear of the quadcopter. This consideration was 
intended to shield the gas sensor elements from 
cooling by the wind and clear them from the 
influence of the downward prop wash near the 
fuselage of the UAS. 
Figure	  1.	  Booms	  and	  circuitry	  attached	  to	  the	  Solo	  (top).	  
Solo	  equipped	  with	  full	  sensor	  package	  in	  the	  field	  pre-­‐
flight	  (bottom). 
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Calibration Methods 
Calibration system design 
The TGS 2600 sensor is affected by temperature 
and humidity, so the design had to provide 
control over these as well as actual gas 
concentration. Sensor calibration was initially 
intended to be performed by iterated gas mixing 
in a custom calibration chamber. While a 
specialized continuous flow-through system has 
been used with beneficial results in similar 
experiments, restrictions on funds and available 
equipment required the use of standardized 
glassware here  (Van den Bossche, Rose, & De 
Wekker, 2016). Unfortunately, persistent leaks 
in the system necessitated switching to from an 
iterated mixing system with controlled [CH4] to 
a flow-through system with constant [CH4] 
A Chemglass airfree AF-0060-03 gas manifold 
(schlenk line) had a lecture bottle of methane 
gas connected to one of its ports and a vacuum 
source connected to one of the two manifolds for 
backup flow control. To each of three lower 
ports, individual connections to a water vessel, 
from the compressed house air line, and to a 
custom-built calibration chamber housing the 
sensors were added.  Additionally, a tubing 
connection between the water vessel and the 
sensor chamber was made to allow humidity to 
be adjusted without the need to clear excessive 
moisture from the manifold itself. An outlet vent 
was added to the end of the second manifold to 
prevent unwanted pressure buildup. 
Gas pressures were monitored via ports atop the 
manifold by two sensors: a vacuum gauge 
(Fredericks Co. Televac 2A) for monitoring 
methane inputs and a pressure transducer 
Figure	  2.	  Calibration	  system	  setup	  (bottom).	  A	  gas	  manifold	  was	  used	  to	  
coordinate	  inputs	  of	  wet	  and	  dry	  gases	  to	  the	  sensor	  chamber.	  While	  
initially	  intended	  to	  monitor	  extremely	  small	  methane	  concentrations	  
for	  dispensation	  into	  the	  chamber,	  technical	  issues	  required	  adaptation	  
to	  a	  humidity/CH4	  response	  curve	  instead	  (top).	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(Honeywell PX3AN2BS100PAAAX) for 
balancing with air, both of which were set to 
record pressures in Torr. Fredericks reports 
errors ranging from 1 mTorr while reading under 
10 mTorr up to 10% of the reading between 100 
and 1000 Torr (The Fredericks Company, 2014). 
Honeywell reports an error of  6.9 psi (1% of its 
full scale) when factoring in maximum deviation 
due to effects on offset, hysteresis, and non-
linearity by thermal and pressure factors 
(Honeywell International Inc., 2017). 
In addition to the physical resources, calibration 
system required two computer programs for data 
retrieval and live display: Realterm (Bridger, 
n.d.) and Kst (KDE e.V., 2017). The former is a 
terminal emulator which is used to collect our 
data, and the latter is a reader which we use for 
live display and translation of the raw data. Once 
the sensor board was commanded to echo data to 
serial, Realterm was set to read from the USB 
connection, which spoofs a serial port, and 
output continuously to a tab-separated text file. 
Kst was configured to read from the file 
generated by Realterm, displaying each column 
of data as its own vector which was then sorted 
to an appropriate graph in a custom layout 
within Kst (Figure 3). Data from the TGS 2600 
sensors was converted on the fly using the 
equations from Eugster and Kling (2012) to 
provide an estimate of actual concentration, but 
the calibration was performed using voltage 
calculated from the raw TGS 2600 analog output 
using equation 1: 
1.   𝑉"#$ =
&'()"*	  "#$,#$	  ∗	  ./0
12,456	  78$9:
 
Figure	  3.	  Illustration	  of	  real-­‐
time	  data	  visualization	  in	  Kst	  
for	  Windows.	  Clockwise	  from	  
top	  left:	  Analog	  TGS	  2600	  
output,	  manifold	  pressure	  in	  
Torr,	  relative	  humidity	  in	  
sensor	  chamber,	  Eugster	  and	  
Kling	  methane	  estimates	  in	  
ppm,	  temperature	  
measurements	  in	  sensor	  
chamber	  in	  °C,	  pressure	  
measurements	  in	  sensor	  
chamber	  in	  Torr.	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Sensor resistance was then calibrated via 
equation 2 from the TGS 2600 documentation: 




Where Vin is 3.3V, Rl is our load resistor of 
10kΩ, and Vout is the TGS2600 output voltage 
calculated in equation 1. This gives rise to 






This equation was used to calculate real-time Rs 
as well as reference R0, which was calculated as 
the mean of Rs values observed during the 
baseline rest period of one or more minutes 
before launch for each flight. The ratio Rs/R0 
does not account for humidity or temperature 
influence, however. We rely on the equations of 







(0.024 + (0.0072 ∗ 𝑅𝐻) + (0.0246 ∗ ℃)) 
This corrected ratio was then translated into a 
raw CH4 concentration. 
5. 𝐶𝐻X = (1.828	  ± 0.0005) + 






To prepare for generation of a response curve, 
valves were opened in the gas manifold, 
atmosphere vent, and calibration chamber to create 
the path shown (Figure 2). The collection 
apparatus was turned on, and data briefly collected 
at a control point with no gas flow. Monitoring 
pressure in the manifold carefully, compressed 
house air was slowly allowed to enter the 
manifold, flow through the bubbler system, and 
eventually exit into the hood. Once pressures were 
set at a dynamic equilibrium (near atmospheric 
pressure of 760 Torr) throughout the system, the  
sensor array was allowed to collect data for several 
hours as humidity increased. The results were 
graphed on a response curve of sensor humidity 
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Flight Methods 
Flight plan 
Sampling was conducted at our private wetland 
site between September and November, 2017. 
Multiple autonomous flight plans were tested for 
this project, differing by coverage and flight 
speed. For each flight, the sUAS was allowed to 
sample from ground level for 1 – 5 minutes 
before and after the autonomous plan was 
executed. After its preliminary sampling period, 
the sUAS was manually piloted to its starting 
point near the center of the wetland, where 
autonomous mode was engaged and a cross-grid 
pattern flown. Autonomous flight was paused 
when the battery warnings began to sound at 
25% power or when the flight plan was 
completed, whichever came first, at which point 
the pilot would take action. The sUAS was 
landed manually and allowed to complete its 
end-of-flight sampling as well. Data was 
reviewed on the laptop base station between 
flights. Finally, the microSD card was returned 
to the sUAS and its battery replaced to repeat the 
process for the next flight. 
September flights covered a 13,800 m2 area 
above the fen at a 3 m/s ground speed (Figure 5), 
but October flights used the second flight plan 
(Figure 6), covering a smaller area of 3100 m2 at 
1 m/s in an attempt to determine whether 
substantial sensor latency existed that might act 
as a confounding factor. Both plans followed 
cross-grids with ~10m spacing between paths. 
These methods will be compared to assess 
relative effectiveness.  
 
Flight data analysis 
In an attempt to consistently monitor hotspots, 
time series data for estimated methane 
concentration were plotted in Microsoft Excel, 
where a tailored linear baseline correction was 
applied to eliminate time-dependent sensor drift 
for each flight. The resulting “residuals plot” of 
each flight was then analyzed by quality control 
chart: the baseline value was the average 
methane concentration measured while the 
sUAS was in autonomous mode over the 
wetland, and data more than one standard 
deviation (for that same autonomous flight 
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period) above the baseline value were 
considered potential hotspot readings.  
Data were imported into ESRI ArcMap 10.5.1 as 
point feature classes along with satellite imagery 
of the area from USGS Earth Explorer (United 
States Geological Survey, 2008). GNSS 
coordinates in the WGS 1984 (G1170) system 
were projected into the NAD 1983 coordinate 
space to overlay properly with the satellite 
imagery. To define potential hotspots, data 
points whose baseline-corrected methane 
estimate exceeded the upper bound on the 
quality control chart were selected and 
highlighted on the map. These highlighted points 




The response curve system generated an 
approximately linear relationship between 
humidity and estimated methane concentration. 
While there was a period during sampling where 
no relationship was apparent, as humidity 
climbed above 35% RH, estimated methane 
concentration also rose in a non-linear fashion 
(Figure 4). Notably, SHT sensor 1 responded to 
humidity changes with greater amplitude than 
did SHT sensor 2. As suggested by Eugster and 
Kling (2012), the TGS 2600 exhibits some 
sensor drift, even in the absence of target gas. 
The baseline correction detailed in the 
calibration methods normalized the data to that 
hypothetically time-dependent linear drift trend, 
allowing the flight data to be analyzed with 
reduced drift influence. However, the response 
curve generated in lab (Figure 4) indicates that 
the Eugster and Kling equations do not fully 
account for either humidity change or sensor 
drift, though another linear correction factor 
could be applied to improve results. Due to time 
constraints on this project, no such factor was 
Figure	  4.	  Response	  curve	  between	  [CH4]	  and	  humidity	  while	  left	  at	  
ambient	  hood	  temperature	  (between	  24.6	  and	  23.8	  °C)	  over	  the	  
course	  of	  8	  hours.	  Jagged	  changes	  in	  the	  curve	  indicate	  points	  
where	  system	  pressure	  flow	  was	  changed.	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generated to re-interpret previous flight data, but 
could be so calculated in future work. 
Flight results - September 
Three initial test flights at our sample site 
indicated 1-2 continuous “hotspots,” per our 
definition, that ran the length of the sampling 
area rather than staying localized clumped in 
smaller areas (Figures 8, 10, 12). Raw [CH4] 
estimates ranged from 1.835 to 1.870ppm, all 
below the global mean as of August 2017 
(NOAA 2017). When plotted as a function of 
time, raw [CH4] gradually declined after 
autonomous mode was engaged on all three 
flights analyzed (Figures 7, 9, 11). Small 
perturbations existed in all three flights as well, 
but most did not exceed the 1-standard deviation 
buffer after baseline correction was applied.  
 
Flight results - October 
Flights performed with the smaller, slower 
autonomous program revealed discrete hotspots 
across the wetland which were linear in nature, 
but did not consistently span the entire site 
(Figures 14, 16, 18, 20). October field [CH4] 
estimates ranged from 1.835 – 1.852ppm. 
Sensors 1 and 2 did not exhibit predictable 
sensor drift, though baseline corrections were 
necessary for all October flights (Figures 13, 15, 
17, 19).  
 
Discussion 
Data collected in September appeared to provide 
data that was unhelpful for locating emissions 
hotspots at the sample site. The arrangement of 
points which qualified as potential hotspots 
under the 1-standard deviation system were 
strung together for nearly the entire length of the 
wetland, albeit on only one side. In addition, 
there was substantial drift in estimated [CH4] 
such that a single color symbology system for all 
three flights proved incapable of illustrating the 
nuance within each individually when mapped 
(Figure 8, 10, 12).  
While October flight data contained spikes in 
[CH4] that meet our definition for a potential 
hotspot, these did not appear consistently in a 
spatial analysis (Figures 14, 16, 18, 20). While 
potential hotspots could potentially be centered 
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over the southwest portion of the sampling area, 
there are still uncertainties associated with these 
measurements. While flights occurred under 
near-quiescent conditions, 1m/s might not be 
slow enough to allow adequate time for the 
sensor to respond to changes in gas 
concentration.  
While incapable of highly accurate 
measurement, the TGS 2600, when coupled with 
humidity and temperature sensors to correct for 
environmental effects, can detect changes in gas 
concentration at high resolution. Relative 
changes in emissions seem plausibly within the 
wetlands emission range observed by Eugster 
and Kling at Toolik Lake, AK (2012). Their low 
cost also suggests the possibility of adding more 
sensors to perform statistical analysis on a larger 
sample, which could provide greater insight into 
the errors present. 
Downsides of the TGS 2600 are significant, 
however. The final sensor characteristics are 
presumably dependent on the effectiveness of 
the 7-day initial “burn-in” period, as well as the 
time between power on and the start of 
experimentation. Sensors underestimated 
atmospheric concentrations of methane by 0.02 
– 0.05 ppm based on the August 2017 average, 
which indicates inability to detect absolute 
emissions of 30ppb on the scale Eugster and 
Kling suggest (2012). Relative deviation from 
background atmospheric [CH4], however, does 
seem plausible based on our results.  
Figure	  5.	  Flight	  data	  from	  the	  first	  flight	  on	  12	  September.	  
On	  the	  left	  hand	  panels,	  estimated	  [CH4]	  is	  shown	  as	  
interpreted	  by	  the	  Eugster	  and	  Kling	  equations	  for	  both	  
sensors.	  On	  the	  right	  hand	  side,	  potential	  hotspots	  as	  
defined	  by	  the	  1-­‐sd	  buffer	  are	  indicated.	  
Figure	  6.	  Flight	  data	  from	  the	  first	  flight	  on	  31	  October.	  On	  the	  
left	  hand	  panels,	  estimated	  [CH4]	  is	  shown	  as	  interpreted	  by	  the	  
Eugster	  and	  Kling	  equations	  for	  both	  sensors.	  On	  the	  right	  hand	  
side,	  potential	  hotspots	  as	  defined	  by	  the	  1-­‐sd	  buffer	  are	  
indicated.	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Future work 
There are several opportunities to improve 
performance of the sensor platform. A slower 
flight speed or changes to the sensor shell design 
might improve ventilation to the sensors and 
their response time – but the latter must be done 
without exposing the sensor to fast air currents 
to avoid cooling the heated SnO2 element. 
However, upgrades to the sensor package must 
be considered. The newer Figaro TGS 2611, 
employed by Van den Bossche et al. in air 
pollution studies of their own, demonstrated 
improved filtering hardware to the TGS 2600 
(2016). Additionally, the group recommended 
improving the voltage regulator for the heated 
sensor element (ibid). Structural improvements 
such as strengthening and weatherproofing 
solder connections would reduce the likelihood 
of damage in the field.  Additionally, expanding 
upon the above response curve work to generate 
descriptive equations from the current curve and 
collect more calibration data under different 
temperature conditions may improve the 
translation of flight data. 
In short, there are several avenues by which the 
platform may be improved, and much of the 
groundwork for doing so has already been 
completed. Future undergraduates would be able 
to join the project with minimal startup effort, 
and resources could be immediately devoted to 
sensor refinements. The future of this research is 
promising, and it has the potential to contribute 
useful developments in the field of remote 
methane detection.  
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Figure	  8.	  Flight	  1	  spatial	  data	  from	  12	  September	  
2017.	  Top	  panels	  from	  sensor	  1	  at	  rear	  of	  the	  
drone,	  bottom	  panels	  from	  sensor	  2	  at	  the	  front	  of	  
the	  drone.	  Left	  side	  panels	  depict	  [CH4]	  as	  
interpreted	  by	  the	  Eugster	  and	  Kling	  equations.	  
Right	  side	  panels	  indicate	  potential	  hotspots	  where	  
baseline-­‐corrected	  [CH4]	  exceeds	  the	  1-­‐standard	  
deviation	  buffer	  above	  the	  average	  wetland	  
methane	  concentration.	  	  
Figure	  7.	  Flight	  1	  timeseries	  data	  from	  12	  September	  2017.	  Top	  panels	  show	  estimated	  [CH4]	  without	  
baseline	  correction	  applied,	  while	  corresponding	  bottom	  panels	  show	  methane	  with	  baseline	  correction	  
and	  appropriate	  1-­‐standard	  deviation	  buffers	  for	  the	  average	  [CH4]	  over	  the	  wetland.	  








Figure	  10.	  Flight	  2	  spatial	  data	  from	  12	  
September	  2017.	  Top	  panels	  from	  sensor	  1	  at	  
rear	  of	  the	  drone,	  bottom	  panels	  from	  sensor	  2	  
at	  the	  front	  of	  the	  drone.	  Left	  side	  panels	  
depict	  [CH4]	  as	  interpreted	  by	  the	  Eugster	  and	  
Kling	  equations.	  Right	  side	  panels	  indicate	  
potential	  hotspots	  where	  baseline-­‐corrected	  
[CH4]	  exceeds	  the	  1-­‐standard	  deviation	  buffer	  
above	  the	  average	  wetland	  methane	  
concentration.	  	  
Figure	  9.	  Flight	  2	  timeseries	  data	  from	  12	  September	  2017.	  Top	  panels	  show	  estimated	  [CH4]	  without	  
baseline	  correction	  applied,	  while	  corresponding	  bottom	  panels	  show	  methane	  with	  baseline	  correction	  








































































































































































Figure	  12.	  Flight	  3	  spatial	  data	  from	  12	  September	  
2017.	  Top	  panels	  from	  sensor	  1	  at	  rear	  of	  the	  
drone,	  bottom	  panels	  from	  sensor	  2	  at	  the	  front	  
of	  the	  drone.	  Left	  side	  panels	  depict	  [CH4]	  as	  
interpreted	  by	  the	  Eugster	  and	  Kling	  equations.	  
Right	  side	  panels	  indicate	  potential	  hotspots	  
where	  baseline-­‐corrected	  [CH4]	  exceeds	  the	  1-­‐
standard	  deviation	  buffer	  above	  the	  average	  
wetland	  methane	  concentration.	  	  
Figure	  11.	  Flight	  3	  timeseries	  data	  from	  12	  September	  2017.	  Top	  panels	  show	  estimated	  [CH4]	  without	  
baseline	  correction	  applied,	  while	  corresponding	  bottom	  panels	  show	  methane	  with	  baseline	  correction	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Figure	  14.	  Flight	  1	  spatial	  data	  from	  31	  October	  
2017.	  Top	  panels	  from	  sensor	  1	  at	  rear	  of	  the	  
drone,	  bottom	  panels	  from	  sensor	  2	  at	  the	  front	  
of	  the	  drone.	  Left	  side	  panels	  depict	  [CH4]	  as	  
interpreted	  by	  the	  Eugster	  and	  Kling	  equations.	  
Right	  side	  panels	  indicate	  potential	  hotspots	  
where	  baseline-­‐corrected	  [CH4]	  exceeds	  the	  1-­‐
standard	  deviation	  buffer	  above	  the	  average	  






















































































Figure	  13.	  Flight	  1	  timeseries	  data	  from	  31	  October	  2017.	  Top	  panels	  show	  estimated	  [CH4]	  without	  
baseline	  correction	  applied,	  while	  corresponding	  bottom	  panels	  show	  methane	  with	  baseline	  correction	  
and	  appropriate	  1-­‐standard	  deviation	  buffers	  for	  the	  average	  [CH4]	  over	  the	  wetland.	  









Figure	  16.	  Flight	  2	  spatial	  data	  from	  31	  October	  
2017.	  Top	  panels	  from	  sensor	  1	  at	  rear	  of	  the	  
drone,	  bottom	  panels	  from	  sensor	  2	  at	  the	  front	  of	  
the	  drone.	  Left	  panels	  depict	  [CH4]	  as	  interpreted	  
by	  the	  Eugster	  and	  Kling	  equations.	  Right	  panels	  
indicate	  potential	  hotspots	  where	  baseline-­‐
corrected	  [CH4]	  exceeds	  the	  1-­‐standard	  deviation	  
buffer	  above	  the	  average	  wetland	  methane	  
concentration.	  	  
Figure	  15.	  Flight	  2	  timeseries	  data	  from	  31	  October	  2017.	  Top	  panels	  show	  estimated	  [CH4]	  without	  
baseline	  correction	  applied,	  while	  corresponding	  bottom	  panels	  show	  methane	  with	  baseline	  correction	  
































































































Figure	  17.	  Flight	  3	  timeseries	  data	  from	  31	  October	  2017.	  Top	  panels	  show	  estimated	  [CH4]	  without	  
baseline	  correction	  applied,	  while	  corresponding	  bottom	  panels	  show	  methane	  with	  baseline	  correction	  


















































































Figure	  18.	  Flight	  3	  spatial	  data	  from	  31	  October	  
2017.	  Top	  panels	  from	  sensor	  1	  at	  rear	  of	  the	  
drone,	  bottom	  panels	  from	  sensor	  2	  at	  the	  
front	  of	  the	  drone.	  Left	  panels	  depict	  [CH4]	  as	  
interpreted	  by	  the	  Eugster	  and	  Kling	  equations.	  
Right	  panels	  indicate	  potential	  hotspots	  where	  
baseline-­‐corrected	  [CH4]	  exceeds	  the	  1-­‐
standard	  deviation	  buffer	  above	  the	  average	  
wetland	  methane	  concentration.	  	  





Figure	  19.	  Flight	  4	  timeseries	  data	  from	  31	  October	  2017.	  Top	  panels	  show	  estimated	  [CH4]	  without	  
baseline	  correction	  applied,	  while	  corresponding	  bottom	  panels	  show	  methane	  with	  baseline	  correction	  



























































































Figure	  20.	  Flight	  4	  spatial	  data	  from	  31	  October	  
2017.	  Top	  panels	  from	  sensor	  1	  at	  rear	  of	  the	  drone,	  
bottom	  panels	  from	  sensor	  2	  at	  the	  front	  of	  the	  
drone.	  Left	  panels	  depict	  [CH4]	  as	  interpreted	  by	  the	  
Eugster	  and	  Kling	  equations.	  Right	  panels	  indicate	  
potential	  hotspots	  where	  baseline-­‐corrected	  [CH4]	  
exceeds	  the	  1-­‐standard	  deviation	  buffer	  above	  the	  
average	  wetland	  methane	  concentration.	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